Fragile X syndrome (FXS; OMIM 300624) is the most common form of inherited mental impairment, with a prevalence of approximately 1/4,500 in males. The syndrome is characterized by moderate intellectual disability and behavioral abnormalities, including autistic-like behavior.
There are four allelic forms of the FMR1 gene with respect to the repeat length. The normal allele form has approximately 5-44 CGG repeats and it is stable on transmission. In these normal alleles, the CGG repeat region is usually interrupted by AGG triplets after every 9 or 10 CGG repeats. These AGG interruptions are believed to maintain repeat integrity by preventing DNA slippage during replication, therefore increasing the repeats' stability. 5 The full-mutation allele form has more than 200 repeats, with several hundred to several thousand repeats being typical. In between those two forms fall the intermediate allele form and the premutation allele form. The intermediate allele form falls between the normal and premutation size ranges (45-54 repeats). A proportion of these alleles are unstable and may expand by a few repeats during meiosis. In this range, expansion to the full-mutation allele may occur over two or more generations but not in a single transmission. 6 The premutation allele form is about 55-200 repeats long. It is unstable and commonly expands during transmission. Individuals with the premutations are defined as carriers of the disease. Expansion of an abnormal allele usually occurs when it is transmitted from the mother but not from the father. 7 However, although alleles of 55-59 repeats are defined as premutations, only a very few cases of expansion to a full mutation have actually been reported, emphasizing the fact that such allele sizes are generally stable. 8 In general, the risk of expansion of a premutation to a full mutation upon transmission to the offspring is associated with three factors. First, it correlates with the number of CGG repeats. 9 Second, the number of AGG interruptions also affects stability on transmission, such that alleles with a high number of CGG repeats that lack AGG interruptions are more prone to expansion. 5, 10 A third factor affecting risk of transmission is the genetic background because some haplotypes are associated with an increased instability as compared with others. Purpose: Fragile X syndrome, a common cause of intellectual disability, is usually caused by CGG trinucleotide expansion in the FMR1 gene. CGG repeat size correlates with expansion risk. Premutation alleles (55-200 repeats) may expand to full mutations in female meiosis. Interspersed AGG repeats decrease allele instability and expansion risk. The carrier rate and stability of FMR1 alleles were evaluated in large cohorts of Ashkenazi and non-Ashkenazi women.
Methods:
A total of 4,344 Ashkenazi and 4,985 non-Ashkenazi cases were analyzed using Southern blotting and polymerase chain reaction between 2004 and 2011. In addition, AGG interruptions were evaluated in 326 Ashkenazi and 298 non-Ashkenazi women who were recruited during 2011.
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To date, FXS has been identified in all the ethnic groups studied. A number of studies evaluated the premutation carrier frequency in specific communities. For example, the estimated carrier rate (>55 CGG repeats) in the United States is 1:178, 12 whereas in Quebec it was reported to be 1:259-1:397. 13 The carrier rate seems to be much lower in the Far East: One study from Japan found no premutations among 947 individuals, 14 and the carrier frequency in Taiwan was reported to be as low as 1:1,674. 15 By contrast, two studies among Israeli women showed a much higher carrier frequency (1:113 (ref. 16 ) and 1:157 (ref. 17)) in women with no family history of intellectual disability. There are only a few published studies on differences between carrier rates of expanded alleles (such as premutation alleles) in association with ethnicity. Such differences may be due to a founder effect of repeat length or a founder effect responsible for specific genetic backgrounds/haplotypes characterized by increased or decreased stability upon transmission. For example, a high prevalence of FXS was found among Tunisian Jews from the isle of Djerba, who had a specific unstable allele with no AGG interruptions associated with a rare haplotype. 18 The Jewish Israeli population is uniquely composed of multiple ethnic subgroups. The largest group is composed of Jews of Ashkenazi descent. This community was culturally isolated and retained its continuity over a long period of time, leading to the formation of specific founder mutations and increased incidence of certain genetic diseases, such as Tay-Sachs disease and familial dysautonomia. 19 Previous studies did not find an increased risk of FXS among Ashkenazi Jews in Israel. 18, 20 Although no founder effect or increased rate associated with FXS is known among Israeli populations, this disorder has been recommended for genetic screening for females of child-bearing age in Israel because of its high prevalence, and it is the only nonautosomal recessive disorder that is tested as part of the screening tests for common genetic disorders performed in Israel. 19 The aim of this study was to evaluate the frequency and characterization of normal, intermediate, and premutation alleles among Ashkenazi versus non-Ashkenazi Jewish women in a large group of Israeli women; to evaluate possible differences in the number of AGG interruptions, in order to assess the risks for FXS and repeat expansion among the Ashkenazi population; and to verify the possible effect of ethnicity on carrier rate and repeat stability.
MAtEriAls And MEtHods

Patients
A total of 15,182 women were tested for FMR1 CGG repeats before or during pregnancy at the Genetic Institute of Tel Aviv Medical Center between 2004 and 2011. These women applied for FMR1 testing on their own initiative or on the advice of their primary-care physician on a self-pay basis. Each woman completed a questionnaire that included information on the ethnic origin of her parents and on her family history of intellectual disability and/or autism spectrum disorders, as well as on FXS.
The tests results and the questionnaires were documented in a computerized database from which relevant information for analysis was retrieved. Women with a positive family history for intellectual disability, autism spectrum disorders, or FXS were excluded from the current study. The 11,602 participants were further divided into two groups according to their Jewish ethnic origin, i.e., Ashkenazi or non-Ashkenazi. The Ashkenazi origin was defined based on the reporting of both parents that they were of Ashkenazi origin. Non-Ashkenazi origin was defined based on the reporting of both parents that they were of non-Ashkenazi origin. The women of non-Ashkenazi origin in the study group originated from Morocco, Yemen, Iran, Iraq, the Balkan countries, Tunisia, and/or Libya. Data on origin were given as part of the standard form filled in by each participant. It is important to note that the vast majority of the Jewish population in Israel knows whether their family origin is Ashkenazi or another specific non-Ashkenazi Jewish ethnic group. Women who did not provide information on the origin of both their parents were excluded from the study. Altogether, a total of 2,273 women who had unknown ethnic origin, mixed origin, or whose origins were different from the two specific categories investigated in this study were not included in the ethnicity-based analyses.
cGG repeat analyses
Evaluation of the FMR1 CGG repeat region was performed by various methods, according to the American College of Medical Genetics and Genomics standards and guideline. 21 Polymerase chain reaction (PCR)-based analysis was performed in all participants. PCR was performed using an untagged forward primer and a fluorescence-tagged reverse primer, as previously described. 22 PCR products were analyzed by GeneScan Analysis software (Applied Biosystems, Carlsbad, CA) according to the manufacturer's instructions. 22 During the period between 2004 and 2009, Southern blot analysis was performed on women with PCR results that demonstrated only a single normal-sized allele or an allele larger than 45 repeats. Briefly, DNA was digested by the restriction enzyme BclI or PstI. A 595-bp PCR-generated probe was used for hybridization. 23 Two new PCR-based methods were introduced between 2009 and 2011, and they were used in cases indicated for Southern blot analysis as described earlier. The Abbott Fragile X PCR Kit (Abbott, Abbott Park, IL) 24 was used in 2009 and 2010, and the AmplideX FMR1 PCR kit (Asuragen, Austin, TX) 25 was used during 2011. In addition to the CCG repeat length, the PCR products generated with the CGG repeat primer used in the AmplideX kit reveals the number of AGG interspersions in a straightforward manner, as described in detail by Chen et al. 25 We therefore used this additional information in the 830 cases that were analyzed by the AmplideX kit and recorded the number of AGG interruptions in addition to the number of CGG repeats in each case.
Alleles were defines as normal (≤44 CGG repeats), intermediate (45-54 CGG repeats), or premutation (45-200 CGG repeats), and women with a premutation allele were defined as FXS carriers.
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The difference in the frequency of intermediate-and premutation-sized alleles between women of Ashkenazi descent (both parents) and non-Ashkenazi descent (both parents) was assessed using a χ 2 test. The difference in the frequency of a reduced number of AGG interruptions in normal-and intermediate-sized alleles was compared between Ashkenazi and non-Ashkenazi women, and the Kolmogorov-Smirnov test was used to determine the difference in the distribution of CGG and AGG repeats between the two groups of women. Significance was set at a P value <0.05.
rEsults
A total of 11,602 women who had been screened for the FMR1 allelic expansion were included in the study. The vast majority (95.6%) had a normal-sized allele ranging between 7 and 44 CGG repeats. The modal number of CGG repeats in the cases with a normal-sized allele was 30 (50%), with a second peak at 29 (14%) and minor peaks at 20 (6%) and 31 (6%). The prevalence of intermediate-sized alleles (45-54 CGG repeats) was 3.2% (1:31), and the prevalence of premutation-sized alleles (55-200 repeats) was 1.2% (139 women, 1:83). However, most of the premutation-sized alleles (81/139) were within the range of 55-60 repeats. Three women (1:3,867) had the full mutation.
The Ashkenazi group had 4,344 women (both parents of Ashkenazi descent) and the non-Ashkenazi group had 4,985 women (neither parent of Ashkenazi descent). There were differences in the distribution of normal-and intermediate-sized alleles between these two ethnic groups, especially in the minor peaks. Ashkenazi women had a higher rate of 30 repeats and a lower frequency of cases with 33-49 repeats as compared to the non-Ashkenazi women (P < 0.0001; Figure 1) . A comparison between the rate of intermediate-and premutation-sized alleles revealed that Ashkenazi women had about double the rate of premutation alleles (1:58 vs. 1:104 for the non-Ashkenazi women). However, there was no increase in the frequency of intermediate-sized alleles ( Table 1) . Notably, there was no increase in the number of alleles in the premutation range with >60 repeats among Ashkenazi women as compared to the nonAshkenazi women ( Table 1) .
A total of 830 cases were evaluated for the number of CGG repeats and the number of AGG interruptions during 2011. A total of 760 (91.5%) had a normal-sized allele. There were 326 cases with normal-sized alleles among the Ashkenazi women and 298 cases with normal-sized alleles among the nonAshkenazi women. The remaining 206 cases were of mixed or unknown origin.
Only 7.5% (25/326) of the Ashkenazi women with normalsized alleles had only one AGG interruption as compared with 17% (50/298) of the non-Ashkenazi women. Furthermore, whereas only 1.5% (5/326) of the Ashkenazi women who had normal-sized alleles had no interruptions whatsoever, 2.5% (8/298) of the non-Ashkenazi women had no interruptions. Overall, the percentage of women with normal-size alleles and <2 AGG interruptions was 9% in the Ashkenazi women as compared with 19.5% in the non-Ashkenazi women (P = 0.0002, Table 2 ).
discussion
FXS is considered to be the most common form of inherited intellectual disability, with a variable but high carrier rate. However, the association between the carrier rate and the disease prevalence is not straightforward. Carriers with diverse lengths of CGG repeats have different levels of risk of expansion into a full mutation in female meiosis. 8 In addition, interspersed AGG repeats decrease the risk, whereas uninterrupted CGG repeats are associated with allele instability, 10 and certain haplotypes are associated with an increased or decreased risk of instability.
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Carrier testing for common genetic disorders is widely used. The tests are selected based on several criteria, including availability, disease frequency, disease severity, age at onset, and lack of effective treatment. These tests are usually associated with common mutations in genes related to autosomal recessive disorders in specific populations. Although FXS has different frequencies in populations in different countries, it is still difficult to evaluate the justification of the performance of population-based tests to identify carriers of the disorder. This study analyzed allele characterization of FMR1 among a large cohort of Ashkenazi and non-Ashkenazi women, in order to better assess the disease risk among the Ashkenazi women and provide tools to assess disease risk in other genetically isolated populations.
The study results demonstrate that the distribution of different repeat alleles is less variable among Ashkenazi women as compared with non-Ashkenazi women, which may be attributed to the increased genetic homogeneity of this population. Similarly, a previous study detected a decreased diversity in the background haplotypes of the FMR1 gene among Ashkenazi Jews, with a higher incidence of a specific DXS548-FRAXAC1-FRAXAC2 haplotype (734+) in the Ashkenazi population. 18 Another study 25 did not find a founder effect in Ashkenazi patients with FXS but rather detected a high incidence of the 734+ haplotype in the Ashkenazi control group. 26 Importantly, this specific haplotype was shown to be associated with a decreased risk of CGG expansion among members of a nonJewish population. 5 The prevalence of premutation alleles in the Israeli population, as detected in this study, is higher than previously reported (1:83 as compared with 1:113 (ref. 16 ) and 1:157 (ref. 17) ). However, in contrast to previous studies, the current study determined ethnicity based on the origin of both parents and included, for statistical purposes, only Jewish women. Comparison between the Ashkenazi and non-Ashkenazi groups revealed that the Ashkenazi women have about a twofold higher prevalence of premutation alleles (1:58 vs. 1:104 for non-Ashkenazi women). This carrier rate was also higher than previously described (1:134) among the Ashkenazi population in the United States. 12 Interestingly, the carrier rate among the American Ashkenazi Jews was the highest among all the tested ethnic groups. 12 The carrier frequency difference detected between the Ashkenazi and the non-Ashkenazi women was unexpected because there was no difference in the rate of Ashkenazi Jews among FXS patients in Israel. 18 There was no significant difference in the rate of alleles with ≥60 repeats between Ashkenazi and non-Ashkenazi women in the current study. Although an allele size of 55-59 CCG repeats is defined as premutation, the risk for expansion to the full mutation in cases with fewer than 60 repeats is <5%, 8 and expansion to the full mutation in one generation is rare in cases with fewer than 58 repeats. Indeed, not only is the rate of FXS cases among Ashkenazi Israelis not higher as compared with non-Ashkenazi Israelis, 18 it is also likely that these 55-60-repeat alleles are not associated with expansion in the premutation range because the frequency of premutations with >60 repeats among the Ashkenazi and nonAshkenazi women in our study was similar. Of note, women with a family history positive for intellectual disability, autism spectrum disorders, or FXS were excluded from the study in order to decrease bias. However, because carriers with long repeats have a high risk for affected offspring, these exclusion criteria may lead to an underestimation of the actual carrier rate for the larger repeats in both groups. Evaluation of the number of AGG repeats in the two study groups demonstrated that Ashkenazi women had less than half of the number of cases with <2 AGG interruptions in the normal-sized alleles. Therefore, the repeat alleles would be expected to be more stable among the Ashkenazi women. This suggests that the presence of protective founder alleles with two AGG interruptions is responsible for increased stability of the FMR1 gene among Ashkenazi women.
These results, taken together with the fact that certain haplotypes are protective, suggest that the disease prevalence cannot be estimated solely on the basis of carrier rate, especially in genetically isolated populations. The risk of FXS may be more accurately estimated by disease prevalence than by carrier rates. However, such studies are difficult to perform. Indeed, the common estimation of FXS prevalence at 1:6,000 (ref. 2) is derived from a study that was performed in a select population and is based on the results of screening individuals with intellectual disability rather than the general population. The real prevalence of FXS in various populations and the justification for performing FXS carrier testing for women who are not at a known risk remain uncertain. The current study results show that differences in the prevalence of carriers may be related to ethnicity and that the tendency for instability and expansion may be specific to a population or ethnic group. In addition, the findings suggest that characterizations other than the size of the CGG repeat length, such as ethnicity, haplotypes, and AGG interruptions, may help to better assess risks for offspring with FXS among carriers, especially for those carriers who are at the lower range of CGG repeats.
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